Reactions employing inexpensive reagents from sustainable sources and with low toxicity are becoming increasingly desirable from an academic and industrial perspective. A fascinating example of a synthetic transformation that requires development of alternative procedures is the osmium catalysed dihydroxylation. Recently there has been considerable interest in achieving this reaction through metal-free procedures. This review describes the methods available for metal-free syn-dioxygenation of alkenes.
Introduction
The Sharpless asymmetric dihydroxylation is one of the most celebrated, influential and inspiring synthetic methods developed. 1 The broad substrate scope, high yields, exceptional levels of asymmetric induction, and convenient reaction conditions renders the process both robust and practical. Despite this success, the high cost and toxicity of osmium together with limited availability provide the impetus to develop new and alternative methods. In response to this requirement the community has delivered a number of transition-metal catalysed processes but none have yet reached the gold-standard required. 2 Along with transition-metal catalysed reactions there have been a number of recent successes in the development of metal-free methods. Although a general metal-free catalytic asymmetric alkene syn-dihydroxylation remains an elusive and attractive challenge a large body of work has been directed towards achieving this ultimate goal. This review outlines progress towards this target.
Peroxides
The use of organic peroxides for metal-free syn-dihydroxylation of alkenes has received much attention in recent years. The inherent high reactivity of peroxides together with their low cost and often non-toxic nature mean that reactions are frequently efficient and allow for effective procedures that do not require the use of transition-metal catalysts to be developed.
Malonoyl peroxides
A promising area is the use of cyclic diacyl peroxides and in particular malonoyl peroxides. 3 Cyclopropyl malonoyl peroxide 3 has been shown to be an effective reagent for the syn-dihydroxylation of a series of stabilised alkenes containing a wide range of functionality (22 examples) (Scheme 1). 4 Treatment of an alkene with just 1.2 equivalents of peroxide 3 in the presence of 1 equivalent of water followed by basic hydrolysis leads to the corresponding syn-diol in excellent yield and very high levels of diastereoselectivity. The proposed mechanistic course for the reaction is outlined in Scheme 2. Reaction of alkene 1 and peroxide 3 leads to 6 which undergoes ring closure, forming dioxonium 7. Hydrolysis with the molecule of water necessary for reaction gives observed ester 9. Basic hydrolysis of 9 affords diol 4 (86%) and diacid 10, which can be recovered and converted into peroxide 3 in one simple synthetic step.
In a related study it was shown that the overall rate of this reaction could be controlled through modification of the peroxide structure. 5 Although these reactions proceed with lower yield and stereoselectivity than reaction with cyclopropyl malonoyl peroxide 3 the ability to control the overall rate of reaction could have important implications in the development of a catalytic procedure. 6 
Phthaloyl peroxides
In a series of largely neglected reports, 7 Greene showed that trans-stilbene 1 reacted with phthaloyl peroxide 11 to give two dioxygenated products 12 and 13 in a 1 : 3 ratio. Alkaline hydrolysis of 12 and 13 leads to (±)-hydrobenzoin 4 (Scheme 3). 8 Significantly, this syn-dihydroxylation was shown to be stereospecific for the reaction of both cis-and trans-stilbene providing a powerful piece of synthetic methodology. Greene did not develop this methodology further, presumably because of the explosive nature of the phthaloyl peroxide 11. Siegel realised the potential of this method and recently reported on the improved reactivity of 3,4-dichlorophthaloyl peroxide 14 (20 examples) (Scheme 4). 9 The reaction was simple to perform although elevated temperatures of 80°C were required and 14 showed similar instability to 11. 3,4-Dichlorophthaloyl peroxide 14 was shown to dihydroxylate a range of nucleophilic alkenes containing a variety of functionality with good diastereoselectivity. The reactions were frequently lower yielding and exhibited poorer diastereoselectivity when compared to cyclopropyl malonoyl peroxide 3 although the reaction of selected challenging aliphatic substrates was described.
Oxone
It is well established that Oxone is an effective reagent for the dihydroxylation of alkenes with anti-selectivity. 10 De Kimpe and co-workers have described an unprecedented example of Oxone mediated syn-dioxygenation of mollugin 15 (Scheme 5).
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Scheme 1 Cyclopropyl malonoyl peroxide 3 mediated dihydroxylation.
Scheme 2 Proposed pathway for the cyclopropyl malonoyl peroxide mediated dihydroxylation of stilbene.
Scheme 3 Phthaloyl peroxide dioxygenation of stilbene 1.
Scheme 4 3,4-Dichlorophthaloyl peroxide 14 dihydroxylation of alkenes.
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Under specific conditions, mollugin 15 reacts with Oxone to produce cis-3,4-dihydroxymollugin acetonide 16 (48%) preferentially over the trans isomer. Protection of the phenol group in 15 prior to reaction leads to formation of the expected trans-diol illustrating that this method is highly substrate dependent. However, application of this method as a more general procedure for syn-dioxygenation presents significant opportunity.
Hypervalent iodine
Iodine reagents are attractive because of their low toxicity, ready availability and ease of handling and there have been a number of reviews on their applications in synthesis. 12 The use of hypervalent iodine compounds in the metal-free dioxygenation of alkenes has undergone a renaissance over recent years.
Achiral hypervalent iodine reagents
The first reported use of hypervalent iodine in the dioxygenation of alkenes was in 1939 when Criegee and Beucker showed that (diacetoxyiodo)arenes 17, ArI(OAc) 2 , could be used in the syn-diacetoxylation of trans-anethole and cyclopentadiene. 13 In the following 50 years, analogous syn-ditosyloxylation, 14 syn-trifluoroacetoxylation 15 and syn-methoxylation/perchlorination 16 reactions have been described using alternative hypervalent iodine reagents 18-20 (Scheme 6). The Woodward 17 and Prévost 18 reactions represent established methods for the syn-and anti-dihydroxylation of alkenes respectively. A major drawback of these transformations is the requirement for a stoichiometric amount of silver salt. A synthetically useful alternative for syn-dihydroxylation was reported by Sudalai and co-workers in 2005 19 using NaIO 4 as the oxidant (Scheme 7). Reaction of an alkene 25 with catalytic amounts of lithium bromide using sodium periodate or (diacetoxyiodo)benzene as the oxidant in wet acetic acid gives the syn-diol 26 in high yield after basic hydrolysis (21 examples).
Mechanistically it was proposed that Br 2 , generated in situ by oxidation of lithium bromide, brings about the bromoacetoxylation of alkenes via bromonium ion 27 to give the trans-1,2-bromoacetate derivative 28. Intramolecular cyclisation gives 1,3-dioxolan-2-yl cation 29, which is hydrolysed (H 2 O) to give syn-hydroxy acetate 30 (Scheme 8). Interestingly, reaction in dry acetic acid leads to the trans-diacetate 31.
The reaction works well for electron rich and electron deficient alkenes (21 examples), leading to the corresponding syn-diols in excellent yield and good diastereoselectivity. The reaction is simple to perform and all reagents are commercially available but the elevated reaction temperature (95°C) and the solvent (acetic acid) mean the process is not suitable for more sensitive substrates.
Further improvement to this protocol was reported by Li and co-workers who addressed the issue of high temperature by employing PhI(OAc) 2 in the presence of BF 3 ·OEt 2 20 resulting in a scalable, convenient and practical procedure for the Scheme 5 Oxone mediated syn-dioxygenation of mollugin 15.
Scheme 6 Early examples of hypervalent iodine reagents in the dioxygenation of alkenes. Interestingly, the reaction was also effective for electron deficient alkenes. For example, ethyl cinnamate 32 gave the syn-dioxygenation product 33 in 97% yield and >19 : 1 diastereoselectivity (Scheme 9). The reaction proved general for a range of alkenes producing the corresponding syn-diacetates in good to excellent yield and diastereoselectivity when wet acetic acid was used as the solvent. It was proposed that BF 3 ·OEt 2 activated PhI(OAc) 2 through a Lewis acid coordination pathway. However, Gade 21 demonstrated that protons can catalyse dioxygenations when using PhI(OAc) 2 as the oxidant, so it is also possible that a strong Brønsted acid produced by the BF 3 ·OEt 2 /AcOH could also be responsible for catalysis. The possibility of preparing the anti-diacetate by performing the reaction in a mixture of AcOH-Ac 2 O further enhances the appeal of this reaction sequence.
An interesting extension to the use of (diacetoxyiodo)-benzene in the syn-dioxygenation of alkenes comes from the reaction of amines (12 examples). 22 For example, PhI(OAc) 2 mediated oxidation of N-phenylpiperidine 34 gives the corresponding enamine 35 which is dioxygenated in situ to give 36 in 42% yield (Scheme 10). Although 2.2 equivalents of oxidant are required, the potential to expand the scope of this transformation further is significant. Çelik 23 reported that alkene syn-dioxygenation can be achieved using the more reactive phenyliodine(III) bis(trifluoroacetate) in the absence of additive or catalyst (Scheme 11).
Although the examples reported were limited and functional group tolerance was not explored the overall transformation clearly has potential for development, particularly for substrates not tolerant of the acidic Woodward-Prévost conditions described above.
Chiral hypervalent iodine reagents
Although there is significant precedent for the use of stoichiometric chiral hypervalent iodine reagents in synthesis, it is only recently that application of this knowledge to alkene dihydroxylation has been described. Fujita reported an asymmetric variant of the Woodward and Prévost reactions using optically active hypervalent iodine reagents 40-43 (Scheme 12). 24, 25 Reaction of alkene 44 with hypervalent iodine reagent 41 (1.2 equivalents) at −80°C, quenching with water at −40°C (Conditions A) gave a mixture of hydroxyacetate products 45 and 46 which were directly acetylated to give 47 (dr > 98 : 2, 95% ee) (Scheme 12). In an additional experiment it was shown that enantioselectivity could be switched by performing the reaction at −80°C in the presence of TMSOAc, followed by quenching at room temperature (Conditions B) (Scheme 13).
Although the ee's observed with these reagents are lower than would be expected by contemporary standards, the ability to alter both stereoselectivity and enantioselectivity simply by altering reaction conditions is particularly exciting and bodes Scheme 10 Selective functionalisation of amines with PhI(OAc) 2 .
Scheme 11 Alkene dihydroxylation using PhI(OCOCF 3 ) 2 .
Scheme 9 BF 3 ·OEt 2 catalysed diacetoxylation of alkenes with PhI(OAc) 2 .
Scheme 12 Enantioselective alkene dioxygenation.
Scheme 13 Switching enantioselectivity in the dihydroxylation of styrene.
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Perspective well for further development in the area of alkene dioxygenation using hypervalent iodine reagents.
More recently Fujita has gone on to show that chiral hypervalent iodine reagent 42 can also be used in the enantioselective oxylactonisation of methyl ortho-alk-1-enylbenzoate 51 in 90% ee (Scheme 14). 26 
Catalytic hypervalent iodine reagents
Over recent years, a significant understanding of how to use sub-stoichiometric amounts of hypervalent iodine reagents has emerged. 27 This knowledge has been applied by Li and co-workers to the alkene dihydroxylation described above (Scheme 9) providing an effective organocatalytic alkene dihydroxylation. 28 Treatment of an alkene 25 with 0.2 equivalents of the aryl iodide 53 in the presence of either hydrogen peroxide or mCPBA as the stoichiometric oxidant followed by direct acetylation of the product leads to 54 (Scheme 15). Although functional group tolerance was not widely explored within this work, the 25 examples reported suggest the method has outstanding potential and the development of a catalytic asymmetric protocol should soon be forthcoming.
Selenium

Selenium dioxide
The use of selenium reagents in the syn-dioxygenation of alkenes was first reported by Tsutsumi and co-workers whilst they were investigating the acid-catalysed oxidation of alkenes. 29 They described the stereoselective oxidation of cisbut-2-ene 55 and trans-but-2-ene 57 to give the diacetates 56 and 58 respectively as the major reaction products, along with small amounts of the corresponding syn-monoacetates (<5%) (Scheme 16). Although yields of the products were low, the mild conditions and high selectivity provide an excellent starting point for those wishing to develop this transformation further.
More recent reports by Nguyen and Lee examined selenium dioxide in the dioxygenation of diene substrates to prepare both 1,2-and 1,4-diols. 30 Once again this methodology has not been significantly developed suggesting that oxidation reactions with selenium dioxide may have a high substrate dependence and lack of generality.
Diaryl diselenide
A more general selenium-mediated dihydroxylation method was published by Tiecco in 2008. This report contained the first example of a diphenyl diselenide catalysed dihydroxylation of alkenes using ammonium persulphate or hydrogen peroxide as the stoichiometric oxidant (Scheme 17). 31 It was proposed that this one-pot procedure occurred by oxidation of diphenyl diselenide 62 to perseleninic acid 64, which epoxidised the alkene substrate giving 65. S N 2 ring-opening of 65 by a molecule of water leads to the anti-diol 68 (Path B). S N 1 ring-opening of 65 (Path A) provided both the syn (67) and anti (68) diols. It was rationalised that hydrogen bonding between the water molecule and the hydroxyl group of intermediate 66 was responsible for the preferential syn-addition of the water molecule with selected substrates (Scheme 18).
Despite the reaction proceeding in good yield, none of the substrates reported contained functionality suggesting the reaction may have limited scope. Further drawbacks of this method include long reaction times (up to 12 days) and the poor stereoselectivities observed. Nevertheless this represents a novel catalytic process for the syn-dihydroxylation of alkenes.
Chiral diaryl diselenide
Significantly, Tiecco went on to show that use of chiral diselenide 69 in the reaction with 1-phenyl cyclohexene 59 gave the syn-diol 60 in an excellent 92% ee (Scheme 19). This is a particularly significant result in the field of dihydroxylation although substrate scope appears to be limited from the examples reported. 
Perspective
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Organoselenium compounds clearly have great potential as convenient syn-dihydroxylation reagents but important mechanistic understanding and incorporation of functionality into substrates is required before a general protocol is established.
Sulphur
The use of sulphur in alkene syn-dihydroxylation is rare but an exciting report by Yoshida suggests that this area has potential for development. The method involves an oxidative syn-dihydroxylation mediated by electrochemically generated alkoxysulfonium ions (Scheme 20). 33 Five stabilised alkenes were oxidised in the presence of DMSO to give bisalkoxysulfonium ions 71 which underwent rapid hydrolysis with aqueous sodium hydroxide to afford the corresponding diols in good yield (52-86%). It was proposed that preference for synaddition arises from sulfonium ion directed attack of the second molecule of DMSO on 70 to give 71. Although electrochemical dioxygenation of alkenes has been known for some time, 34 this represents the first example of a direct electrochemical dihydroxylation of alkenes. Expanding the substrate scope beyond stabilised alkenes and improving diastereoselectivity would increase the significance of this work.
Conclusions
Recent years have seen a substantial amount of activity in the area of metal-free syn-dioxygenation of alkenes. This review has highlighted advances using peroxides, hypervalent iodine, selenium and sulphur as vehicles to deliver the oxygen atoms to the alkene. Whilst significant strides have been made, the bench-mark for alkene dihydroxylation, the osmium catalysed Upjohn procedure 35 and its asymmetric version developed by Sharpless 1 are truly outstanding synthetic procedures that represent the gold-standard for synthetic transformations when considering scope, selectivity, yield and versatility. With such formidable precedent, it is an exciting time for the metal-free methods being developed where catalytic and asymmetric variants are starting to be described. Further understanding of mechanism, reactivity and scope will be central to advancement in this area to address the pressing needs for this pivotal and industrially relevant transformation.
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